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We predict plasmonic mediated nucleation of pancake shaped resonant nano-cavities in metallic
layers that are penetrable to laser irradiation. The underlying physics is that the cavity provides
a narrow plasmonic resonance that maximizes its polarizability in an external field. The resonance
yields a significant energy gain making the formation of such cavities highly favorable. Possible
implications include nano-optics and generation of the dielectric bits in conductive films that underlie
the existing optical recording phase change technology.
PACS numbers:
Non-photochemical acceleration of nucleation under
laser irradiation or static electric fields has been observed
in a number of systems.1–4 The effect was attributed to
electric field induced polarization and lowering of the nu-
cleation barrier. For ac fields, the frequency dependence
of the material polarization, especially near plasmonic
resonances, has not yet been considered and may com-
pletely modify that effect; it is of particular importance
for metallic phases.
In this letter we predict a phenomenon of plasmonic
mediated nucleation of nano-cavities in metallic layers
that are penetrable to laser fields. The underlying idea
is that the nucleated cavity provides a narrow plasmonic
resonance that maximizes its polarizability in an exter-
nal field. The ability to adjust resonance oscillations fre-
quency and phase makes such cavities highly energeti-
cally favorable.
Our consideration is based on the classical nucleation
theory5,6, which accounts for the bulk µV and surface
σA contributions to the free energy. With the addition
of the term FE to describe the electric polarization gain,
the free energy is F = FE + µV + σA, where µ is the
difference in chemical potential (per volume) due to cav-
ity nucleation, σ is the surface tension, and V and A are
the cavity volume and surface area, respectively. Our
analysis below starts with the case of µ < 0, correspond-
ing to a metastable metallic system wherein nucleation is
naturally expected. We then consider the case of a sta-
ble metal layer, µ > 0, where cavities are energetically
unfavorable in zero field.
For a static field, the polarization induced energy gain
of a particle that nucleates in a dielectric material, with
permittivity ǫ, can be represented as,6
FE = −ǫαE2, (1)
where α is the particle polarizability, and E is the field
strength. A subtle point here is that ǫ makes Eq. (1)
different from the energy of a dipole in an external field;
ǫ reflects the contributions from all charges in the system,
including those responsible for the field. That factor was
confirmed by several authors.6–8
Eq. (1) was originally obtained by integrating, over
the entire space, the energy density difference caused by
introduction of the particle. It must be modified for the
case of dispersive media (metals), in which
ǫ(ω) = 1− ω
2
p
ω2
+ i
ω2p
ω3τ
. (2)
where ω is the field frequency, τ is the relaxation
time, and ωp =
√
4πNe2/m is the plasma frequency
with N being the electron concentration, m the elec-
tron mass, and e the electron charge. We assume, as
usual, τ−1 ≪ ω ≪ ωp. The field energy density in
strongly dispersive media is given by the Brillouin for-
mula (∂(ωǫ)/∂ω)(E2/8π) where the overline implies a
time average [see e.g. Eq. (80.12) in Ref. 9]. With
the modification ǫ → ∂(ωǫ)/∂ω, the derivation steps6–8
leading to Eq. (1) yield,
FE = −E
2
2
ℜ
[
α∂(ǫω)
∂ω
]
, (3)
where E is the field amplitude, ℜ represents the real part,
and we have employed standard time averaging.9 Since ω
exceeds reciprocal nucleation times, the above time av-
erage represents an adiabatic contribution to the energy
of the atomic subsystem.
We consider spheroidal particles, for which10
α =
V
4π
ǫp − ǫ(ω)
ǫ(ω) + n(ǫp − ǫ(ω)) . (4)
Here, ǫp is the dielectric permittivity of the particle (cav-
ity), and n is the depolarizing factor.
We start with the standard isothermal settings of a
metastable system (µ < 0) wherein cavities correspond
to the thermodynamically stable phase, for example, in a
liquid metal or in a metal supersaturated with vacancies
and/or defects. The laser beam is normally incident on
a metal and nucleation of small embryos takes place in
its skin depth layer. In this part of our analysis, we
assume the particle spherical shape typical of the classical
nucleation theory.
2Close to the resonance, |ω − ωr| ≪ ωr, using n = 1/3
for a sphere gives
ℜ
[
α∂(ǫω)
∂ω
]
= R3c
(
ω2 − ω2r
)− aω4r/(2c)
(ω2 − ω2r)2 + aω4r
(5)
where R is the radius of the sphere,
a =
(
1
ωτ
)2
, c =
(ǫp − 1)ω2 + ω2p
ǫp + 2
, ωr =
√
2
2 + ǫp
ωp.
(6)
Assuming as usual ωτ ≫ 1, we observe the resonance at
ω2 ≈ ω2r(1 −
√
a) with a sharp minimum given by,
ℜ
[
α∂(ǫω)
∂ω
]
min
≈ − R
3ǫpωpτ
2
√
2 + ǫp
. (7)
This is by the quality factor Q = ωτ ≫ 1 greater than
the static polarizability (∼ R3) of a metallic sphere.
The system free energy can be written as,
F = (E2/2) [ℜ(ǫα)]min + V µ+Aσ, (8)
with V = 4πR3/3 and A = 4πR2. It reduces to its
standard form of the classical nucleation theory with the
renormalization,
µ→ µE = µ+ δµ, δµ = −|µ|E
2R30
W0
ωpτ
πǫp
6
√
2 + ǫp
(9)
applicable both for µ < 0 and µ > 0. Here we have
introduced, for convenience, the radius and barrier of the
classical nucleation theory,
R0 =
2σ
|µ| , and W0 =
16πσ3
3µ2
.
Their ballpark values are W0 ∼ 1 eV and R0 ∼ 1 nm for
the typical cases of nucleation in solids.6
We observe from Eq. (9) that ac fields lower the barrier
and radius of spherical void nucleation; the smallness of
the effect is described by the dimensionless parameter
ξ = E2R30/W0 (see Fig. 1). A similar conclusion for dc
fields has been long known.6 A feature added here is the
resonant nature of the ac field effect that is significantly
amplified by the Q-factor.
Consider next the case of ac fields strong enough
to distort the spherical geometry. It is known12 that
oblate spheroids remain stable with respect to elastic and
electrical perturbations. Hence, we assume an oblate
spheroid with the semi-major axis R⊥ and semi-minor
axis R‖ directed perpendicular to and along the direc-
tion of beam propagation, respectively (see Fig. 2). The
depolarizing factor is given by,10
n =
1 + η2
η3
(η − arctan η) ≈ 1− π
2η
≡ 1− δn, (10)
with eccentricity, η = R⊥/R‖ ≫ 1. Inserting Eqs. (10)
and (2) into Eq. (4) and assuming ω ≪ ωp yields,
ℜ
[
α∂(ǫω)
∂ω
]
= − V ǫp
4πδnω
(δnω − δn)− aδn
(δnω − δn)2 + aδn2 (11)
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FIG. 1: Free energy of a spherical cavity in a metal. A slight
lowering of the barrier requires E = 4 × 105 V/cm at the
plasmon frequency of ωr =
√
2/3ωp. Parameters values are
typical for void nucleation in metals:11 σ = 1 J/m2, R0 = 0.5
nm, W0 = 1 eV, ωp = 10
15 rad/s, and τ = 10−12 s, with
ǫp = 1.
where,
δnω =
ǫpω
2
ω2 (ǫp − 1) + ω2p
≈ ǫpω
2
ω2p
≪ 1.
The polarizability exhibits resonance behavior near
δn ≈ δnω with a sharp minimum when,
δn ≈ δnω(1 −
√
a). (12)
The corresponding value is,
ℜ
[
α∂(ǫω)
∂ω
]
min
≈ − V
8π
ωτ
ǫp
(ωp
ω
)4
. (13)
Eq. (12) shows that the aspect ratio of the nucleated
void is governed by the frequency,
R‖
R⊥
≈ ǫpω
2
ω2p
. (14)
R⊥ remains to be determined by minimizing the free en-
ergy.
The resonant frequency ω expressed in Eq. (14)
through the aspect ratio is known as the plasmonic res-
onance frequency which describes collective oscillations
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FIG. 2: Oblate spheroidal cavity of permittivity ǫp, semi-
minor axis R‖, and semi-major axis R⊥ embedded in a thin
metal film of permittivity ǫ.
3of quasi-free electrons; it has been experimentally ob-
served in light scattering by nanoparticles.14 As a simple
qualitative argument, consider an oblate spheroidal cav-
ity with ǫp = 1. Shifting the positive and negative com-
ponents in its surrounding plasma over small distance,
x ≪ R⊥ along R⊥, deposits charges q ∼ R‖R⊥xNe on
the two halves of the spheroid. Each of them exert forces
∼ qe/R2⊥ on individual electrons on the opposite side. In-
terpreting the latter as the restoring forces mω2x yields
the resonant frequency ω ∼ ωp
√
R‖/R⊥, consistent with
Eq. (12).
It is interesting to note that | [ℜ(ǫα)]min | in Eq. (13) is
by the Q-factor greater than the static polarizability of a
metallic prolate spheroid of the reciprocal aspect ratio,4,9
α ≈ (V/8π)(R‖/R⊥)2 where R‖/R⊥ ≫ 1. In the mean
time, slightly modifying the above analysis shows that a
prolate spheroidal cavity in a metal does not possess any
strong polarizability. This can be attributed to strong
metal screening of the polarization charges induced at
the spheroid poles. The case of plasmonic driven metal
prolate spheroid nucleation in dielectric media will be
presented elsewhere.
As illustrated in Fig. 3, the minimum in ℜ [α∂(ǫω)/∂ω]
of Eq. (13) is so sharp that all other terms containing
δn in the free energy of Eq. (8), with µ > 0, can be
evaluated at δn = δnω. The volume and area are then,
V = 4πR3⊥/3η ≈ 8R3⊥δn/3, and A = 2πR2⊥.
Normalizing the free energy with respect to the classical
barrier, it takes the form,
F
W0
=
4
π
R3⊥
R30
ǫpω
2
ω2p
[
−E
2R30
24W0
(ωp
ω
)4 ωτ
ǫp
+ 1
]
+
3
2
R2⊥
R20
,
(15)
Comparing this with Eq. (15) shows that the field effect
is much stronger for highly anisotropic oblate spheroids
than for spheres when ω ≪ ωp.
The instability takes place when the bulk chemical con-
tribution [second term in Eq. (9)] is smaller that the field
term, i.e., when
E > Ec
1√
ωτ
ω2
ω2p
, Ec ≡ 2
√
6W0ǫp
R30
. (16)
Assuming the above ballpark parameter values and ǫp =
1 yields the characteristic field Ec ∼ 108 V/cm. However,
the other multipliers can easily make the right hand side
in the inequality of Eq. (16) much lower, taking it down
to say, 1 kV/cm, which corresponds to low power lasers
P ∼ 10 mW/µm2 (such as those used with, e.g, DVD
burners).
Minimizing the free energy with respect to R⊥ yields
the nucleation radius and barrier,
R⊥,0 = R0
πω2p
2ω2ǫp
[
E2
E2c
(ωp
ω
)4
ωτ − 1
]−1
(17)
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FIG. 3: Normalized free energy of an oblate spheroidal cav-
ity vs. field frequency f = ω/2π, with E = 3 × 103 V/cm.
The sharp resonance of width 1/τ determines the aspect ratio
R‖/R⊥ ≈ (ω/ωp)
2
≈ 10(−4). Numerical values are the same
as those used in Fig. 1.
and
W =
W0
2
(
R⊥,0
R0
)2
. (18)
As a prototype system to which the above theory ap-
plies we consider again a metal close to a phase transition
at temperature Tm, yet stable. This enables one to esti-
mate its chemical potential as µ = µ0(1 − T/Tm). Cor-
respondingly, the classical nucleation radius and barrier
become,
R0 = R00(1−T/Tm)−1, W0 =W00(1−T/Tm)−2, (19)
and Ec = Ec0(1−T/Tm)1/2, where R00,W00 and Ec0 are
estimated as the atomic scale values. The convenience
of this model is that it allows macroscopically large R0,
consistent with the classical nucleation theory.
Using the latter relations and assuming that the first
term in parenthesis of Eq. (17) dominates, one gets,
W =W00
π2
8
1
(ωτ)2
(
ω
ωp
)4(
Ec0
E
)4
. (20)
Note that the nucleation barrier turns out to be tem-
perature independent. This is in striking difference with
the classical nucleation theory, which predicts a diverg-
ing nucleation barrier W0 towards the phase transition
temperature in Eq. (19).
We now briefly discuss possible implications of our the-
ory. The above introduced system of a metal close to a
phase transition would be most suitable for experimental
verification. Since the cavities lie within the skin layer
depth, they are optically accessible and can be identi-
fied via the unique features of oblate spheroids in light
scattering and absorption.15 We note that such cavities
can grow during the laser pulse duration by further ab-
sorbing the electromagnetic power to achieve sizes R⊥
comparable to the beam diameter.
For stronger electric fields, the nucleation radii R⊥ and
R‖ in Eqs. (17) and (14) can shrink below the atomic
4length scale, which is beyond the range of the proposed
macroscopic description. However, the prediction of en-
ergy gain due to resonant cavity nucleation remains valid
in the range of macroscopic post-nucleation dimensions,
though the transitions rates to the lower energy state are
difficult to estimate.
We note the observed formation of pancake shaped
voids in metal films under moderate power density (P ∼
1 W/µm2) laser beams.13 Similar nanovoids have been
explained by thermal instabilities and recrystallization.16
The phenomenon of laser ablation17 is observed for P >∼
10 W/µm2. The effects proposed in this Letter can
be uniquely identified under much lower power densities
P <∼ 1 − 100 mW/µm2 insufficient to cause melting and
recrystallization instabilities.
The possibility of creating all-metal nano-cavities with
well controlled shapes opens a venue towards high Q-
factor resonators, which would be important in the field
of nano-optics and capable of efficient lasing.18–20
For the case of intense enough laser beams, light ab-
sorption and heating may become important concomitant
factors facilitating the nucleation. Furthermore, semi-
conductor films under well absorbed laser light can un-
dergo significant degree of ionization making their local
(under beam) conductivities metallic and corresponding
plasma frequencies exceeding the beam frequency. Our
theory predicts dielectric void formation in such semicon-
ductor materials.
Our theory can help to elucidate the physics of optical
recording in DVD and related technologies where infor-
mation is kept in the form of small dielectric amorphous
bits embedded in a semi-metal crystalline film (polycrys-
talline Ge2Sb2Te5, etc.). The mainstream understanding
has been that such metastable bits appear due to quench-
ing of laser generated melted spots. However, recent ex-
perimental work21 has shown that the process does not
evolve through the melt. Our predicted nucleation of di-
electric cavities suggests that the observed dielectric bits
in semi-metal films can be created under laser irradiation
(and stay as metastable inclusions afterwards) simply be-
cause they are more energetically favorable. A theory of
nucleation and growth of such bits can be used to opti-
mize optical recording with respect to the material and
laser beam parameters.
In conclusion, we have predicted a phenomenon of plas-
monic mediated nano-cavity nucleation in metallic layers.
It may have important practical implications. More work
is called upon to describe the growth stage of such reso-
nant cavities and relate them to the experimental obser-
vations.
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